Whilst CO 2 capture and storage (CCS) technology is widely regarded as being an important tool in mitigating anthropogenic climate change, care must be taken that its extensive deployment does not substantially increase the water requirements of electricity generation. In this work, we present an evaluation of the cooling demand of an amine-based post-combustion CO 2 capture process integrated with a coal-fired power plant. It is found that the addition of a capture unit translates into an increase in the total cooling duty of ≈ 47 % (subcritical), ≈ 33 % (supercritical) and ≈ 31 % (ultra-supercritical) compared to a power plant without capture. However, as the temperature at which this cooling is required varies appreciably throughout the integrated power capture process, it is found that his increase in cooling duty (MW) does not necessarily lead to an increase in cooling water usage (kg H2O /MW). Via a heat integration approach, we demonstrate how astute cascading of cooling water can enable a reduction of cooling water requirements of a decarbonised power plant relative to an unmitigated facility. This is in contrast to previous suggestions that the addition of CCS would double the water footprint.
1. Introduction
Background and Motivation
The link between climate change [1, 2, 3] and anthropogenic CO 2 emissions [4, 5, 6, 7] has been overwhelmingly acknowledged [8, 9] . The 2015 United Nations Climate Change Conference (COP21) saw a historic international agreement with 193 countries agreeing to work to limit the global temperature rise to no more than 2
• C above pre-industrial levels by the end of the century. Recently, this agreement has gained further momentum with an announcement that the two biggest emitters, the United States and China [10, 11, 12] , will both ratify the Paris Agreement. In many countries, the power generation sector is responsible for the majority of CO 2 emissions -for example, thermal power generation from fossil fuels contributed to 25% of the United Kingdom's total CO 2 emissions in 2015 [13, 14, 15] . Thus, it is broadly agreed that CO 2 capture and storage (CCS) will play an important role in climate change mitigation [16, 17, 18] . It has 10 been shown that the UK's future energy mix should accommodate CCS [19, 20] in order to deliver secure energy supply and to meet UK's climate targets of reducing its CO 2 emissions by 80% from 1990 levels by 2050 at least cost [21] .
However, efforts to mitigate climate change must be considered in the context of an increasing population base and an associated increase in global energy demand. The link between water use and power generation is well known, and as CCS technologies will also incur a cooling duty, this has led to concerns that the deployment of CCS technology will unsustainably increase the water footprint of power generation. Cooling demands in fossil fuel-fired power plants are primarily associated with the condenser in the steam cycle. The integration of a carbon capture process with the power plant [22, 23] will serve to increase the number of points where cooling is required; specifically in the direct contact cooler in the flue gas inlet, lean solvent cooler in the solvent loop, the condenser in the solvent regeneration process and also 20 in the intercoolers in the CO 2 compression train. Power plants' cooling systems predominantly [11, 24] utilise water as the cooling medium and consequently ready access to a reliable source of cooling water is an additional constraint on the siting of power plants equipped with CCS [25, 26, 27, 28, 29] , and previous studies have anticipated that a CO 2 capture plant will increase [30, 31, 32, 33] the combined cooling requirement of fossil fuel-fired power plant and thus contribute to regional water stress [31, 34, 35] .
In the context of post combustion capture from fossil fuel power plants, to date the primary focus has been on the development of new solvents and processes aiming to minimize the associated energy penalty with the capture unit.
However, relatively little has been done in order to investigate the variations in individual and combined cooling duties and the corresponding water consumption associated with a post combustion capture unit. Previous studies [30, 36, 37] 30 reporting on the cooling water demand have considered the power plant and capture processes as separate blocks, i.e., not as integrated systems, and have failed to present any detailed breakdown in cooling duties and water consumption. There would appear to exist an important gap in the modelling and evaluation of cooling water requirements of the integrated process.
The remainder of this paper is laid out as follows; we first present the methodology used in this work. This comprises our modelling approach in calculating the cooling duties of the power plant and CO 2 capture and compression process in addition to evaluating cooling tower sizing. We then present our results which provide insight on the cooling duties associated with retrofitting a capture unit to sub-, super-and ultra-supercritical coal-fired power plants. This is followed by a discussion on the selection of the optimum cooling technology and an assessment of the impact of process intensification 40 via the integration of cooling system design on cooling water utilisation and whole-system efficiency.
Methodology

Outline
A model has been developed to estimate the cooling requirements of an amine-based post combustion CO 2 capture unit integrated with sub-, super-and ultra-supercritical coal-fired power plants. In this study, we assume the use of an aqueous 30 wt% monoethanolamine (MEA) solvent, however in principle any solvent can be used.
Power Plant Modelling
The Integrated Environmental Control Model (IECM) [38] was used to relate the power generated by a pulverized coalfired power station integrated with post-combustion CO 2 capture with the exhaust gas flowrate and composition produced and to specify the overall process efficiency. Given the steam cycle operating conditions, this enabled the calculation of 50 the associated steam flowrate thus the cooling duty in the condenser. By mass and energy balance, the solvent flowrate within the capture process was calculated, and thereafter the cumulative cooling duty and water demand of the integrated process. Lastly, the space required for the cooling tower was calculated. An overview of the proposed model is illustrated in Figure 1 . The block flow diagram of the integrated power-capture process is illustrated in Figure 2 . The exhaust gas (dashed red line) arising from the boiler goes through several post-combustion pollution prevention and control processes: selective catalytic reduction (SCR), inlet air pre-heating (APH), electrostatic precipitator (ESP), flue gas desulphurisation (FGD) and finally CO 2 capture before remaining gas is released to the atmosphere. A portion of the steam from the power plant steam cycle (SC) is diverted to the capture process and the corresponding condensate is returned to the SC (dot-dashed blue line). Figure 2 also illustrates how the cooling water is circulated within the plant and the capture unit. It is important to note that the diversion of steam from the power plant steam cycle has the effect of substantially reducing the cooling duty in the power cycle, and moves it to the capture process. This steam is then condensed in the solvent reboiler, and this heat is used to produce a mixture of stripping steam and CO 2 , MEA being essentially non-volatile under these conditions. A sensitivity study with changing steam cycle type was carried out with the fixed parameters in Table 1 , with ambient weather conditions are taken as the average values [39] for a typical summer day (16.5
• C dry-bulb, 77 % relative humidity) near the location of Drax power station in the UK. After passing though the desulphurisation unit, the flue gas enters the direct contact cooler (DCC) in which it is brought into direct contact with a counter-current water flow. The flue gas enters an adiabatic absorber in which CO 2 is removed from the flue gas by the MEA solvent. In order to minimise solvent losses with the CO 2 -lean flue gas, a
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water-wash section is placed after the absorber. The rich solvent is pumped through a heat exchanger into the stripper in which the CO 2 is stripped from the solvent by reheating the liquid, and subsequently passed through an overhead condenser. The high-purity CO 2 stream is then compressed and fed into a pipeline for subsequent transport and storage.
The recycled solvent is then cooled prior to being returned to the absorber. This process is illustrated in Figure 3 .
As can be observed from Figure 3 , heat must be removed from the DCC, the lean solvent cooler, the condenser and the compressor intercoolers. The cooling duty of the pre-cooler can be estimated with an energy balance around the DCC:
Given the inlet temperature of the flue gas in the DCC (T DCC,in ) and the inlet temperature to the absorber (T Absorber ), the cooling duty of the pre-cooler is calculated as:
A similar approach is employed for the lean solvent cooler (LSC):
Approximately 26% of the reboiler regeneration energy in a 30 wt% MEA system is used for generating stripping stream [40] . As some of this steam will condense within the stripping column, this is an upper bound on the cooling duty in the overhead condenser, and therefore a conservative estimate of the condenser cooling duty is: Note that the value of 4492 kJ/kg CO2 includes all contributions to the energy of regeneration, not simply the energy required to break the chemical bonds between the CO 2 and the MEA.
The cooling duty of the intercoolers in the compression train is dependent on the number of compression stages, their efficiency and pressure ratio. The temperature of the high-purity CO 2 -stream at isentropic compressor's discharge is calculated by:
where κ is the isentropic coefficient defined as the ratio between the isobaric and isochoric heat capacity (assumed to be T Condenser is the condenser's temperature), the condenser's cooling duty is calculated as:
The cooling demand of a compressor with n stages is calculated by:
Equation 6 was evaluated assuming CO 2 available at 2 bar and compression to 110 bar. The normalised cooling demand is illustrated in Figure 4 . The one-stage compressor shows the highest cooling demand and no significant reduction can be observed with more than six stages. For all ensuing calculations, we have used the cooling duty associated with a single stage compression process. This approximation was made in order to be as conservative as possible, not because single stage compression of CO 2 is considered to be a realistic option. In reality, a 4 -6 stage compression train is likely to be employed. The cooling duty of the steam cycle (SC) condenser is calculated using a similar approach. An energy balance around the condenser with the cooling water and a temperature rise of ∆T SC cond ,H2O will lead to:
The combined total cooling requirement of the plant is therefore calculated:
Our model allows the user to set input parameters including the gross electrical output, T DCC,in , T Absorber , T LSC,in , T Condenser , p Desorber and p Comp,out . The default operating conditions are listed in Table 2 .
Cooling Tower and Retrofit Designs
There are three major cooling technologies generally used in power plants: Air cooling, once-through (or direct) cooling and wet-cooling. Water is the cooling medium in both once-through and wet cooling technologies; however, they differ significantly in water usage (withdrawal from natural sources e.g., river) and water consumption (water losses, which are not returned to the original source due to evaporation). Once-through cooling is linked to a higher water usage compared 110 to wet-cooling. However, it is associated with a smaller water consumption as it is designed to work with minimum evaporative losses [42] . Wet cooling, delivered via cooling towers, is the dominant choice for coal-fired power plants [31, 11] ;
hence, in this work, wet cooling technology is further investigated.
Natural draft cooling towers are gradually being phased out due to their lower social acceptance and efficiency in comparison to mechanical draft towers [43, 44] . There are two distinct types of mechanical draft cooling towers: forced and induced. In a forced mechanical draft cooling tower, air is blown through the packing; whereas in induced draft cooling towers, air is sucked though the towers with fans often placed at the top of the cooling module. In general, a lower electrical energy and a more uniform flow distribution throughout the tower are achieved by using induced draft cooling towers [42] . On the other hand, forced draft cooling towers can use cheaper blowers due to reduced humidity at Table 1 ) has been chosen (with same configuration as described by Zhai et al. [30] ).
The most important parameters in designing a cooling tower are approach (i.e., the difference between the cold inlet air and the cold outlet water) and range (i.e., the temperature difference between the inlet and outlet water). The maximum cooling tower efficiency is limited by the wet bulb temperature of the air owing to the fact that water can not be cooled to temperatures below the wet bulb temperature. Therefore, the design of a cooling tower is always tied to site-specific weather conditions [45] . The lowest water temperature in the entire plant dictates the approach value of the cooling tower.
A design margin (∆T Safety ) between the lowest temperature throughout the plant, usually corresponding to the stripper's condenser temperature, and the cooling water discharge temperature is often considered.
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It is best to estimate the size of the cooling tower in early design phases, for which the cooling water flow rate has to be known. Given the cooling duty in an arbitrary process unit i, the cooling water mass flow rate can be calculated by an energy balance around the corresponding cooling water side (see Figure 5 ):
In our model, the cooling water temperature rise, ∆T i,H2O , can be specified by the user for each unit within a set interval imposed by the pinch point at the hot end of the heat exchanger. With an increase in ∆T i,H2O , the associated 
Hill [42] presents eq. 11 which approximates the base plant area (A CT ) of a mechanical forced draft cooling tower:
water holdup
The water holdup (waterloading 2.3 kg s −1 m −2 ) depends on the packing type e.g. splash fill. The factor F = 0.57 can be read from related design plots (see Figure A. 3.5.1 in [42] ). In order to integrate the cooling tower base area into 140 our model, an iteration led to a regression based on the cooling water mass flow rate. Equation 11 does not directly account for the cooling water inlet temperature; however, the range value affects the cooling tower sizing through F .
Therefore, the iteration was done by taking into account the most common operating conditions and is only valid for a certain range of values. The base plant areas calculated using this method were compared against the literature data as well as the designing tools provided by manufacturers. Our results were observed to be within 5% of the reported values.
One of the potential concerns of retrofitting CO 2 capture to an existing power plant is whether any additional cooling demand arising from the capture process can be accommodated within the existing cooling tower, or if additional cooling capacity will be required. As shown in Figure 2 , a portion of the generated steam is bled from the steam cycle in order to meet the stripper's energy demand. This results in a reduction in total steam flow rate into the condenser and therefore a reduction in the steam cycle condenser's cooling duty. In other words, this means that there exists a trade off between the increased cooling duty associated with the CO 2 capture process and the reduction in cooling duty of the steam cycle condenser. It is assumed that the coal-fired plant operates with an existing cooling tower and an additional capture unit has been retrofitted. Both cases, i.e., with and without CCS, have been analysed as presented and a balance value δ for the total cooling duty in addition to total cooling water mass-and volume flow has been calculated: 
Cooling Cascade
Energy integration puts the emphasis on reducing the energy penalty by re-using the waste energy throughout the process [46] . We have evaluated the option of a cooling cascade between the capture plant and the steam cycle condenser.
Instead of returning the used cooling water from the capture plant to the cooling tower, it is first used to partially condense 150 the outlet steam from the low pressure turbine, thus further reducing the cooling duty of the steam cycle. The cooling water is then returned to the cooling tower. This concept is illustrated in Figure 6 . Our model enables the user to define a temperature increase (∆T Cacscade,H2O ) for the total hot cooling water from the capture unit integrated in the new heat exchanger. Thus, we obtain an additional set of equations:
The new total cooling water mass flow rate is given by eq. 10. The cooling cascade will also have an impact on the size of the cooling tower. An increase in the inlet temperature coupled with a decrease in the cooling water mass flow rate will affect the size of the cooling tower in opposite directions.
Results and Discussion
Power and Capture Plants
Each power plant (sub-, super-and ultra-supercritical) was configured to deliver 500 MW g gross electricity output [38] .
The net plant efficiencies, defined as the higher heating value (HHV) with and without CCS, are listed in Table 3 . Ultrasupercritical SC show an average of 6.5 % higher efficiency than the subcritical counterpart. Plants without CCS show an Table 4 summarises the main IECM output with and without CCS. It is imprtant to note the highly conservative nature of these figures at this point -with advanced solvents and process configurations, a substantial improvement in process performance could be achieved. A key point to note is that with higher efficiencies, a commensurate reduction in fuel consumption, flue gas production and thus solvent flow rates are observed. In addition, a reduction in the steam flow rate (ṁ SC cond ,Steam ) with an increased efficiency is observed. While the difference inṁ SC cond ,Steam between sub- 
Cooling Duties Associated with the Carbon Capture Unit
The normalised cooling duties of four power plants are plotted for both cases (i.e., without carbon capture (a) and with carbon capture (b)) in Table 4 . The reduction inṁ SC cond ,H2O with CCS relative to that without CCS is ≈ 26 % (subcritical), ≈ 42 % (supercritical) and ≈ 50 % (ultra-supercritical). This is caused by the reduction in the steam flow rate in the SC. The flow rate of the extracted steam used to supply the heating duty to the stripper's reboiler also changes but not to the same extent asṁ SC cond ,Steam . Nevertheless, despite the reduction in steam cycle cooling duty, the total cooling duty of the integrated power-capture process increases with the addition of the 180 capture unit, with the relative increase being greatest for the sub-critical (least efficient) power plant.
The respective share of the cooling duties associated with a carbon capture unit and the steam cycle condenser is presented in Figure 8 . It is observed that the second largest cooling demand is associated with the lean solvent cooler (blue) in the capture unit and for the ultra-supercritical cycle, it is nearly as big as the SC condenser's cooling duty. This is due to the substantial solvent mass flow rate and a relatively large ∆T LSC . The third largest cooling duty is associated with the condenser.
The pre-cooler's cooling duty contributes to ≈ 1 % of the total cooling demand. As it can be seen in eq. 1, the relatively small mass flow rate and heat capacity of the flue gas lead to a small cooling duty. The same is true for the compression 190 intercooling. The temperature after one isentropic compression stage is ≈ 490 • C which leads to a much higher temperature difference compared to the pre-cooler and therefore, the compression intercooling has the fourth largest share. 
Subcritical
Supercritical Ultra-Supercritical 
Cooling Tower and Retrofit Design
The normalised cooling water mass flow rates for the various power plants with and without CCS are shown in Figure 9 .
It can be observed that with an increase in steam cycle efficiency, the required mass flow of cooling water is reduced.
Interestingly, the addition of CCS to the power plant actually reduces the quantity of cooling water required for the superand ultra-supercritical power plants; only for the subcritical steam cycle the water flow rate with carbon capture is higher than that without the capture unit.
The total cooling duty is not directly proportional to the total cooling water mass flow. Instead, each unit's cooling summed up to give the total cooling duty. This is justified by the different temperature levels: a condensation process is ideally operated at constant temperature limiting the temperature range of cooling water, while the lean solvent cooler can be operated at a much wider temperature range for the cooling water side. With an increase in ∆T i,H2O ,ṁ i,H2O is reduced. Similarly, a smaller temperature difference (i.e., a smaller driving force for heat transfer) from the process to the cooling side (see Figure 5 ) translates into a larger heat transfer area and therefore, a larger heat exchanger. Therefore, Table 5 : Normalised requirements for a mechanical forced draft cooling tower system for different types of steam cycle with capture unit.
Parameter
Subcritical Supercritical Ultra-Supercritical The main impacts of an additional capture unit are described in Figure 7 and Figure 9 . The balance value, δ, first introduced in eq. 12, enables a quantitative analysis between with-and without-capture unit scenarios. For example, for a 500 MW power station δ is calculated by eq. 12 as δ Volume ≈ 87 l s −1 . That meansV Total is ≈ 87 l s −1 higher for a plant with a capture unit compared to a plant without one. This can be accommodated in an existing cooling tower [42, 47] , implying that an existing cooling system could be used, therefore significantly reducing the cost of retrofitting the capture unit.
Selection of the Cooling Technology
In order to select the most viable cooling technology, both CAPEX and OPEX must be simultaneously considered, explicitly accounting for the plant's location. The CAPEX is closely linked to the space considerations and to the cooling equipment (e.g., heat exchangers, fans, etc.). In terms of OPEX, an air-cooled system might need more space and elec-220 tricity compared to a wet-cooled system; however, it is advantageous in that it does not require any cooling water with its pre-and post-treatment units [44, 42] . Site-specific considerations are local constraints such as water or land scarcity.
If a wet cooling system is the most economical option, regardless of potential for future issues of water stress, it is likely to be used [11, 43] .
Due to a large cooling duty, an air-cooled system is often not the most viable, although it can be relatively cost effective in comparison [48, 31] . Air-cooled systems are also considered to be more flexible than cooling towers (which are typically designed for a specific cooling load) [42, 49] . This is an important factor with regard to the desired [20, 50] flexible operation of power stations due to fluctuations in electricity demand. Hybrid cooling towers combine wet and dry cooling and thus, significantly reduce the water consumption in comparison to the regular cooling towers. Modular
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hybrid cooling towers are considered a preferred option for high cooling demands [48] . However, the most feasible cooling technology is closely linked to the plant's location.
Cooling Cascade
The total cooling water demand after integrating a cooling cascade (c) is plotted in Figure 10 . It can be observed that the cascade configuration acts to reduce the cooling water flow rate associated with the steam cycle condenser. There is a relative reduction in cooling water flow rate by 21.7 % (subcritical) up to 28.6 % (ultra-supercritical) compared to the original configuration with no cascade (b). The impact of the reduced cooling water mass flow rate overweighs the higher cooling tower inlet temperature. Consequently, the cooling tower plot area decreases by 11.0 % for sub-and 18.4 % for ultra-supercritical steam cycles (see Table 6 ). Therefore, a cooling cascade demands less water and also a smaller cooling tower.
Subcritical Supercritical Ultra-Supercritical In order to avoid fouling within the cooling tower, the maximum cooling water inlet temperature is limited to 50
• C [42, 51] . A typical pressure in a steam cycle condenser is 0.05 bar, with a dew point of ≈ 33
• C. The mixed cooling water coming from the capture unit is already at ≈ 44 • C and therefore, if the cooling cascade configuration is to be used, the pressure in the steam cycle condenser has to be increased to approximately 0.2 bar to 0.25 bar. This will significantly reduce the electricity generated by the LP turbine. The disadvantages (higher OPEX and less electricity generated) may well outweigh the advantages (lower CAPEX and smaller water demand), making the proposed cooling cascade an unfavourable option, except in scenarios of extreme water scarcity.
Conclusions and Recommendations
This study presents a detailed breakdown of the required cooling duty resulted from the addition of a carbon capture unit to a coal-fired power plant complemented with an estimation of the corresponding space requirement. A key conclusion 250 of this current study is that the integration of CO 2 capture with a coal-fired power station will not lead to significant increases in water utilisation, unless the base power plant is itself very inefficient, e.g., a sub-critical power plant. For modern, state-of-the-art power plants, water use for cooling is likely to remain approximately constant or potentially be reduced. Key to this is the understanding that the addition of CO 2 capture to a power plant will remove a significant fraction of the steam from the power plant to the solvent regeneration process. This will reduce the cooling duty of the steam cycle, and displace this to the capture plant. When the steam is condensed in the capture plant reboiler, this generates a mixture of CO 2 and stripping steam which then travels up the desorption column to the overhead condenser.
Along the way, the stripping steam is partially condensed, and therefore the cooling duty of the condenser will be less than the energy required to generate the stripping steam in the first place. Similarly, the heat required to recover the CO 2 from the solvent will not be removed in the condenser, further reducing the cooling duty. These phenomena outweigh 260 the additional cooling duties associated with the lean solvent cooler, compression intercooling and the exhaust gas direct contact cooler.
It was found that the cooling duty of the pre-cooler is small, supporting the concept of replacing the DCC with intercoolers in the absorber as suggested in other contributions [52, 53] . It was also shown that the proposed cooling cascade (Figure 10 ) reduces the total water usage, despite the increase in cooling duty. Alternative cascade configurations, such as using the cooling water coming from the steam cycle condenser in the lean solvent cooler, promise significant reductions in water demand without adjusting the steam turbine's discharge pressure. The suggestion that adding a capture unit nearly doubles the water demand has been shown to be worth reconsidering.
